Abstract A model of intracoronary stem cell delivery that enables transgenesis/gene targeting would be a powerful tool but is still lacking. To address this gap, we compared intracoronary and intramyocardial delivery of lin -/c-kit ? /GFP ? cardiac stem cells (CSCs) in a murine model of reperfused myocardial infarction (MI). Lin -/ckit ? /GFP ? CSCs were successfully expanded from GFP transgenic hearts and cultured with no detectable phenotypic change for up to ten passages. Intracoronary delivery of CSCs 2 days post-MI resulted in significant alleviation of adverse LV remodeling and dysfunction, which was at least equivalent, if not superior, to that achieved with intramyocardial delivery. Compared with intramyocardial injection, intracoronary infusion was associated with a more homogeneous distribution of CSCs in the infarcted region and a greater increase in viable tissue in this region, suggesting greater formation of new cardiomyocytes. Intracoronary CSC delivery resulted in improved function in the infarcted region, as well as in improved global LV systolic and diastolic function, and in decreased LV dilation and LV expansion index; the magnitude of these effects was similar to that observed after intramyocardial injection. We conclude that, in the murine model of reperfused MI, intracoronary CSC infusion is at least as effective as intramyocardial injection in limiting LV remodeling and improving both regional and global LV function. The intracoronary route appears to be superior in terms of uniformity of cell distribution, myocyte regeneration, and amount of viable tissue in the risk region. To our knowledge, this is the first study to report that intracoronary infusion of stem cells in mice is feasible and effective.
Introduction
Transplantation of stem cells is emerging as a potentially transformative strategy to ameliorate left ventricular (LV) remodeling and dysfunction after acute myocardial infarction (MI) [7, 11-13, 20, 36] . Among the many types of cells being investigated, c-kit ? cardiac stem cells (CSCs) appear to be particularly promising because they normally reside in the adult myocardium, are responsible for the physiologic turnover of cardiac cells, and have repeatedly been shown to be capable of differentiating into all three major cardiac cell types (myocytes, smooth muscle cells, and endothelial cells) in vitro and to improve LV remodeling and dysfunction after both a recent and an old MI in various animal models [15, 38] . Importantly, the first-in-human study of c-kit ? CSCs (SCIPIO, Stem Cell Infusion in Patients with Ischemic Cardiomyopathy, http://www.clinicaltrials.gov/ct2/show/NCT00474461) is ongoing, with initial results that are encouraging [6] .
For administration of CSCs to become a widespread therapeutic approach to the treatment of acute MI and heart failure, it will be necessary to utilize a delivery modality that is readily applicable to most clinical settings. The preponderance of preclinical studies has injected CSCs directly into the myocardium with a needle, but this approach has two important limitations. First, the cells are delivered only to relatively small myocardial areas, resulting in nonuniform distribution within the recipient heart, which may limit their ability to affect global LV function. Second, intramyocardial injection of CSCs would be difficult to achieve clinically on a widespread basis, for it would necessitate the purchase of expensive equipment and the availability of specialized expertise, both of which may not be feasible in the majority of hospitals. For this reason, almost all clinical trials of stem cells have used the intracoronary infusion route [1] . Intracoronary infusion has been shown to be effective in promoting homing, engraftment, and differentiation of various stem cells and in producing substantial functional and structural benefits in preclinical models as well as in patients [1, 12] . In view of this track record of proven efficacy, and in view of its practicality, the intracoronary route appears to be the most suitable for widespread clinical applications of CSC therapy.
These considerations emphasize the importance of preclinical models of intracoronary CSC delivery. While intracoronary infusion of CSCs has been shown to be effective in rats [38] and pigs [25] , its efficacy in murine models of MI and heart failure is unknown. Compared with the rat and pig models, the murine model offers the important advantage of enabling investigators to manipulate gene expression via transgenesis and knockout, thereby establishing unequivocally a functional role of a specific protein in stem cell activity and its resulting therapeutic effects. Analogous genetic manipulations would be impossible, impractical, and/or inordinately expensive in larger species such as rats and pigs. Consequently, it is of the utmost importance to determine whether the intracoronary route of CSC administration is feasible in mice and, if so, whether this treatment produces salubrious effects, similar to those observed in other species.
The goal of this study was to develop a method for delivering CSCs intracoronarily in mice and to compare the effects of this therapy with those of the traditional intramyocardial delivery approach. Using a murine model of reperfused MI, we report here that intracoronary infusion of CSCs is feasible and is associated with the mortality comparable to that associated with intramyocardial delivery. We further demonstrate that intracoronary delivery results in effective transplantation of CSCs and imparts beneficial effects that are at least equivalent, and possibly superior, to those achieved by the traditional intramyocardial injection. This murine model of cell therapy should be useful to conduct mechanistic investigations of CSCs in a clinically relevant setting.
Methods
This study was performed in accordance with the Guide for the Care /GFP ? CSCs were isolated from GFP transgenic mice expressing GFP under the control of the human ubiquitin C promoter (C57BL6 background, 8-10 weeks of age). Hearts were finely minced and cultured to establish cell outgrowth cultures over *7 days using growth medium (F12 K medium supplemented with bFGF, LIF, and 10% FBS) [4, 9] . Lin -/c-kit ? CSCs were isolated from the cell outgrowth of the explants by sequential sorting. First, outgrowth cells were depleted of mature hematopoietic lin ? cells, including T cells, B cells, thymocytes, monocytes/macrophages, granulocytes, neutrophils, erythrocytes, and their committed bone marrow precursors. For this purpose, cells were labeled using magnetic microbeads conjugated to a cocktail of antibodies against a panel of lineage antigens including CD5 (T and B lymphocytes and thymocytes), CD45R (B lymphocytes), CD11b (macrophages), GR-1 (granulocytes), 7-4 (neutrophils), and TER-119 (erythrocytes) (Miltenyi Biotec Inc., CA, USA). This labeling procedure allows isolation of lineage negative cells lacking the markers of interest. The lin -cells were then sorted for c-kit with a specific anti-c-kit antibody (Santa Cruz) and magnetic immunobeads (Miltenyi). To maximize results, the c-kit sorting procedure was repeated three consecutive times at 14-day intervals. The lin -/c-kit ? cells were cultured, and the purity of the sorted cells was confirmed quantitatively by flow cytometry and immunofluorescent staining before use [4, 9] . In all studies, the lin
/GFP
? CSCs used for cell transplantation in vivo were passaged 4-6 times; those used for stem cell biology analyses in vitro were passaged less than ten times.
Flow cytometric analysis
To verify the purity of the c-kit positive cells in the sorted GFP ? cell population, CSC suspensions (1 9 10 6 cells per aliquot) were labeled with specific anti-c-kit and anti-GFP antibodies (Santa Cruz). To detect the transcription factors expressed early in cardiovascular specification, aliquots of 1 9 10 6 CSCs were labeled with specific anti-Ets-1, anti-GATA-6, anti-GATA-4, anti-MEF2C, and anti-Nkx2.5 antibodies (Santa Cruz) [4, 9] . Samples were analyzed by flow cytometry (BD LSRII, Becton-Dickinson), and 20,000-50,000 events were collected per sample (n = 3).
Migration assay
Migration of murine CSCs was assayed in a Boyden chamber with 8-lm pore polycarbonate filters (Cell Biolabs, San Diego, CA, USA). The lower chamber was filled with 500 ll of serum-free medium containing various concentrations of SDF-1a (Sigma). CSCs were then suspended at a concentration of 3 9 10 3 cells in 300 ll of serum-free medium and added to the upper chamber. The upper and lower chambers were separated by 8-lm pore polycarbonate filters. The chamber was incubated for 16 h at 37°C in a humid atmosphere of 5% CO 2 . After incubation, the migrated cells were dissociated from the membrane by addition of cell detachment buffer to the lower chamber, then lysed and quantified using CyQuant GR Fluorescent Dye for fluorescence measurement with a fluorescence plate reader at 480 nm/520 nm [34] .
Western immunoblotting analysis
Protein samples were isolated from CSCs as previously described [27, 28] . The expression of c-kit in the membranous fraction and of GFP in the cytosolic fraction was assessed by standard SDS/PAGE Western immunoblotting with specific anti-c-kit and anti-GFP antibodies (Santa Cruz) [28, 30] .
Murine model of postinfarction LV remodeling and failure
The study was performed in C57BL6/J female mice, 20.2 ± 0.4 g (age 11-12 weeks), purchased from The Jackson Laboratory (Bar Harbor, ME, USA). All mice were maintained in microisolator cages under specific pathogenfree conditions in a room with a temperature of 24°C, 55-65% relative humidity, and a 12-h light-dark cycle. The murine model of myocardial ischemia and reperfusion has been described in detail [19, 27, 28] . Briefly, mice were anesthetized with sodium pentobarbital (60 mg/kg i.p.) and ventilated using carefully selected parameters. The chest was opened through a midline sternotomy, and a nontraumatic balloon occluder was implanted around the mid-left anterior descending coronary artery using an 8-0 nylon suture. To prevent hypotension, blood from a donor mouse was given at serial times during surgery. Rectal temperature was carefully monitored and maintained between 36.7 and 37.3°C throughout the experiment. In all groups, MI was produced by a 60-min coronary occlusion followed by reperfusion (Fig. 1) . Successful performance of coronary occlusion and reperfusion was verified by visual inspection (i.e., by noting the development of a pale color in the distal myocardium after inflation of the balloon and the return of a bright red color due to hyperemia after deflation) and by observing S-T segment elevation and widening of the QRS on the ECG during ischemia and their resolution after reperfusion). Mice were then followed for 41 days. Beginning at the time of cell transplantation and continuing until euthanasia (for 39 days), BrdU (Sigma) was infused (33 mg/kg/day) with Alzet Ò mini-osmotic pumps (Durect Corp., CA, USA) to identify newly formed cells [32] .
CSC transplantation

Intracoronary cell delivery
Forty-eight hours after reperfusion, mice were randomly allocated to a control or a cell-treated group. They were reanesthetized, the chest was reopened through a central thoracotomy, and the aortic root was exposed by blunt dissection. A 30-gauge needle connected to a 100-ll syringe was advanced to the aortic root through the LV apex. The proximal aorta and pulmonary artery were crossclamped with a snare for 10 s, during which time mice received an intracoronary infusion of CSCs (4 9 10 5 cells in 80 ll of PBS) or vehicle. After a clamp time of 10 s, aortic flow was restored.
Intramyocardial cell delivery
The technique for CSC transplantation by intramyocardial injection was similar to that used in our previous studies of gene and cell transfer [16, 27, 28, 30] . Briefly, at 48 h after Fig. 1 Experimental protocol. Mice were subjected a 60-min coronary occlusion followed by 41 days of reperfusion. CSCs or vehicle were delivered at 48 h after reperfusion. Serial echocardiographic studies were performed at baseline (4 days prior to coronary occlusion), 2 days after CSC transplantation (4 days after reperfusion), and 35 days after CSC transplantation (37 days after reperfusion, and MI, mice were reanesthetized and the chest reopened through a central thoracotomy. Lin -/c-kit ? /GFP ? CSCs (10 5 cells in 40 ll) or an equivalent volume of vehicle were injected intramyocardially using a 30-gauge needle. A total of four injections (10 ll each) were made in the peri-infarct region in a circular pattern, at the border between infarcted and noninfarcted myocardium. The number of cells injected (10 5 ) was the maximal number that can be delivered via this route; injection of higher CSC numbers would not be feasible in the small mouse heart.
Echocardiographic studies
Serial echocardiograms were obtained at baseline (4 days prior to the coronary occlusion/reperfusion), 2 days after CSC treatment (4 days after MI), and 35 days after CSC transplantation (4 days prior to hemodynamic studies and euthanasia) (Fig. 1 ) using a Vevo 2100 high frequency, high resolution (30 micron) digital imaging ultrasound system (VisualSonics, Inc.) equipped with 24 and 38 MHz Microscan transducers and linear array technology for B-mode and M-mode imaging and color Doppler mode scanning. We have performed careful studies comparing three anesthetic agents (i.p. pentobarbital, i.p. ketamine/ xylazine, and inhaled isoflurane); of these, isoflurane caused the least perturbations in heart rate and cardiac function [14, 29] . Thus, all of the echocardiographic studies were performed under isoflurane anesthesia. Using a rectal temperature probe, body temperature was carefully maintained between 36.7 and 37.3°C throughout the study. Digital images were analyzed off-line by blinded observers using the Vevo 2100 workstation software. At least three measurements were taken and averaged for each parameter. Standard echocardiographic parameters were derived from the two-dimensional, M-mode, and Doppler images, as in our previous studies [14, 29] .
Hemodynamic studies
Hemodynamic studies were performed just before euthanasia ( Fig. 1 ) using the ARIA-1 system consisting of MPCU-200 P-V signal conditioning hardware, 1.0 French PVR-1035 microtip ultra-miniature pressure-volume (PV) catheters (Millar Instruments), data acquisition software, and PVAN data analysis software. Mice were anesthetized with isoflurane and rectal temperature kept between 36.7 and 37.3°C. A 1.0 French Millar catheter was inserted into the LV via the right carotid artery [17, 18, 42] . Inferior vena cava occlusion was performed with external compression to produce variably loaded beats for determination of the end-systolic PV relation (ESPVR) and other derived constructs of LV performance. The raw pressure and volume data collected in text files by the MPCU-200 unit and Chart/Powerlab software were imported into the PVAN software, which applied a variety of algorithms to the P-V data to calculate up to 30 cardiovascular parameters [5, 37] . As in the case of the echo studies, all hemodynamic data analyses were performed off-line by investigators blinded to the treatment.
Heart fixation and morphometric analysis At the conclusion of the protocol, the heart was arrested in diastole by an i.v. injection of 0.15 ml of CdCl 2 (100 mM), excised, and perfused retrogradely at 60-80 mmHg (LVEDP = 8 mmHg) with heparinized PBS followed by 10% neutral buffered formalin solution for 15 min. The heart was then sectioned into three slices from apex to base, fixed in formalin for 24 h, and subjected to tissue processing and paraffin embedding. Paraffin-embedded LV blocks were sectioned at a thickness of 4 lm for histochemistry and immunohistochemistry [4, 9, 38, 41] . Morphometric parameters, including LV cavity area, total LV area, risk region area, scar area, LV wall thickness, and infarct expansion index were measured in sections stained with Masson's trichrome as described in our previous studies [38] . Images were analyzed using NIH Image J (1.42v) and measurements from the various slices averaged [38, 41] .
Immunohistochemistry
Formalin-fixed, paraffin-embedded, 4 lm-thick heart sections were deparaffinized in xylene and rehydrated gradually through 100, 95, and 70% ethanol followed by antigen retrieval procedure. After pre-incubation with serum blocking solution, persistence of transplanted lin -/c-kit ? / GFP ? CSCs (or their progeny) was determined by GFP immunofluorescent staining and confocal microscopy. The fate of transplanted CSCs was assessed by double staining with specific monoclonal antibodies against GFP (Santa Cruz) and against cardiac-specific marker (a-sarcomeric actin) (Sigma). CSC proliferation was assessed by immunofluorescent staining of nuclei for BrdU [32] , using a mouse monoclonal antibody (Santa Cruz). In all of the immunofluorescent staining procedures, secondary antibodies conjugated with the appropriate fluorochrome (Jackson ImmunoResearch) were used. The concentration of primary and secondary antibodies corresponded to that indicated by the manufacturer. To minimize autofluorescence, slides were incubated with 0.1% Sudan Black B (Sigma), rinsed in PBS, and then mounted with ProLong Gold antifade reagent (Invitrogen). Immunohistochemical signals were imaged by confocal microscopy and quantitatively analyzed by Image J (1.42q, NIH). In each heart, GFP ? cells, GFP ? /a-sarcomeric actin ? (double positive) cells, and total nuclei were counted in 25 confocal images acquired from the infarcted area (ten images), each of the two border zones (five images per border zone), and noninfarcted area (five images), totaling 0.51 mm 2 per heart. For BrdU ? cell counting, approximately 15, 000 nuclei per heart were counted in 25 confocal images as described above. In all cases, at least four hearts per group were examined. CSC immunocytochemistry was performed with cell-smeared slides fixed in 4% paraformaldehyde. CSC immunofluorescent staining was performed with specific antibodies against GFP, c-kit, Nkx-2.5, MEF2C (Santa Cruz), and a-sarcomeric actin (Sigma) [4, 9, 32, 41] .
Statistical analysis
Data are presented as mean ± SEM. All data were analyzed with one-way analysis of variance (ANOVA for normally distributed data, or Kruskal-Wallis one way analysis of variance on ranks for data that are not normally distributed), as appropriate, followed by unpaired Student's t tests with the Bonferroni correction. A P value\0.05 was considered statistically significant. All statistical analyses were performed using the SigmaStat software system (3.5 V) [8, 27, 43] .
Results
Exclusions
A total of 91 mice were used for this study. Thirty-nine mice died during or shortly after the surgical procedure: 20 after the first surgery (coronary occlusion) and 19 after the second surgery (cell transplantation; seven died in the vehicle group and 12 in the CSC group). Three mice (3.3%) were excluded because of technical problems, including body temperature out of normal range (n = 1), balloon occluder malfunction (n = 1), and bleeding during the surgery (n = 1). Thus, a total of 49 mice were included in the final analyses.
Fundamental physiological parameters
During the echocardiographic and hemodynamic studies, heart rate and body temperature (fundamental physiological parameters that may impact myocardial function) were similar in vehicle and treated groups within the same delivery route (i.m. or i.c.) ( Table 1) . By experimental design, rectal temperature remained within a narrow, physiologic range (36.8-37.2°C) in all groups.
Isolation, sorting, and characterization of murine CSCs
As indicated above, minced mouse hearts were cultured by the primary explant technique. Successful cell outgrowth was obtained in all hearts (n = 12). A monolayer of *5 9 10 3 cells was present at the periphery of each tissue aggregate at 7 days after primary culture (Fig. 2a, b) . Using a cocktail of biotin-conjugated-specific antibodies against lineage antigens including CD5, CD45R, CD11b, GR-1, 7-4, and TER-119, lineage-positive cells were depleted with antibody-labeled magnetic microbeads (Miltenyi); 61.3 ± 5.8% of the unfractionated population was lin -(n = 22) and 38.7 ± 2.4% was lin ? . Lin -cells were further sorted with immunobeads against c-kit to (Fig. 2) . To maximize results, the c-kit sorting procedure was repeated three consecutive times at 14-day intervals. During culture, c-kit expression (determined by flow cytometric analysis) remained [95% from passage 2 to passage 10, averaging 97.3 ± 2.0% at passage 2, 98.0 ± 1.9% at passage 4, 96.5 ± 1.2% at passage 6, 97.7 ± 1.1% at passage 8, and 97.6 ± 2.5% at passage 10 ( Fig. 2d) . The results of Western blot analyses were consistent with uniformly high levels of c-kit expression (Fig. 2e) (Fig. 2f, g ). The expression of c-kit in the membrane and of GFP in the cytoplasm was further confirmed by immunofluorescent staining of the smears of purified GFP ? CSCs (Fig. 2h) . The average diameter of the lin -/c-kit ? CSCs was 8.08 ± 0.16 lm [n = 96; measured by Image J (1.42q, NIH)]. As illustrated in Fig. 3 , when CSCs were cultured in growth medium (cells labeled as ''undifferentiated'' in Fig. 3 ), a subset expressed the cardiac transcription factors Nkx-2.5 ( Fig. 3a-c) and MEF2 (Fig. 3d-f ). This was confirmed by flow cytometric analysis (17.0 ± 2.2 and 15.8 ± 2.3%, n = 5, respectively) and further demonstrated by a 3-D computer reconstruction of a representative CSC acquired from 42 confocal microscopic images, showing c-kit (red) on the membrane and the early cardiac transcription factor MEF2C (green) in the nucleus (blue) (Fig. 3j) . Subsets of lin -/c-kit ? CSCs also expressed GATA-4 (5.0 ± 1.3%), GATA-6 (4.9 ± 1.0%), and Ets-1 (14.6 ± 2.1%) (n = 5, Fig. 3 ). Expression of Nkx-2.5, MEF2, and GATA4 demonstrates the potential of CSCs to commit to the myogenic lineage, while expression of GATA-6 and Ets-1 indicates potential to commit to the vascular smooth muscle and endothelial lineages, respectively.
To test the differentiation characteristics of CSCs, subconfluent CSCs at passage 6 were cultured in differentiation medium (10 -8 M dexamethasone without LIF) [4] (cells labeled as ''differentiated'' in Fig. 3 ). Ten days later, flow cytometric analysis showed increased expression of the lineage markers Ets-1 (endothelial), GATA-6 (smooth muscle), and GATA-4, MEF2C, and Nkx-2.5 (myocytic), confirming that lin -/c-kit ? CSCs have the potential to commit to all three cardiac lineages (Fig. 3) . Consistent with the flow cytometric results, immunofluorescent staining demonstrated that cells cultured in differentiation medium in Matrigel started to express a-sarcomeric actin in the cytoplasm after 10 days (Fig. 3g, h ) and a cardiac myocyte-like morphology in the culture plate without Matrigel after 50 days (Fig. 3i) .
The doubling time of CSCs in culture was analyzed by flow cytometry (CellTrace Violet, Invitrogen) at multiple time points over a 4-day period. No significant changes were observed during ten passages with regard to the time required for population doubling (45.5 ± 0.8 h, n = 4). The migration properties of CSCs were assayed in a Boyden chamber with 8-lm pore polycarbonate filters (Cell Biolabs). Serum-free medium containing various concentrations of SDF-1a was added into the lower wells of the Boyden chamber, and CSCs were loaded into the upper inserts. With increasing concentrations of SDF-1a ? CSCs cultured in growth medium at passage 4 express GFP in the cytoplasm (green) and, in some cases, the early cardiac transcription factor Nkx-2.5 in the nucleus (red). d-f: Lin -/c-kit ? / GFP ? CSCs cultured in growth medium at passage 2 express c-kit on the membrane (red) and, in some cases, the early cardiac transcription factor MEF2C in the nucleus (green). CSCs cultured in differentiation medium in Matrigel for 10 days (g-h) or in the culture plate without Matrigel for 50 days (i) express the cardiac marker a-sarcomeric actin in the cytoplasm (red) (g-i) and display a cardiac myocyte-like morphology (i). j A 3-D computer reconstruction based on 42 confocal microscopic images showing a CSC that expresses c-kit (red) on the membrane and the early cardiac transcription factor MEF2C (green) in the nucleus. The nuclear membrane is stained with DAPI (blue). k FACS analysis of CSCs cultured for 10 days in differentiation medium shows increased expression of the lineage markers Ets-1 (endothelial), GATA-6 (smooth muscle), and GATA-4, MEF2C, and Nkx-2.5 (cardiac), demonstrating that lin (50-200 ng/ml), a dose-dependent increase in migration of CSCs was observed after 16 h, indicating that the isolated lin -/c-kit ? cells exhibit a functional migratory response to SDF-1a stimulation (Fig. 4) .
CSC distribution in the heart after transplantation Intracoronary delivery was achieved by infusing CSCs in the left ventricle as the aorta and pulmonary artery were cross-clamped distal to the needle tip for 10 s. During this period, the right and left ventricles became visibly pale, as the clear cell solution perfused the myocardium through the coronary arteries; heart rate decreased from 564 ± 13 to 314 ± 12 bpm (n = 17), but recovered to baseline within 1.19 ± 0.14 min of clamp release (n = 17).
Figure 5a-d illustrates the pattern observed 2 days following CSC delivery (i.e., 4 days after a 60-min coronary occlusion) when the cells were delivered via the intramyocardial route (i.e., when they were directly injected with a needle in the border zones of the infarcted region). The distribution of CSCs was inhomogeneous and focal, i.e., they were clustered non-uniformly in the risk region with a patchy distribution and were observed only near the injection sites. Most of the infarct contained very few CSCs, and virtually no CSCs were found in the noninfarcted region (Fig. 5a-d) . In contrast, 2 days following intracoronary CSC delivery, the distribution of CSCs was relatively homogeneous (Fig. 5e-h ). CSCs were Fig. 4 Murine CSC migration toward increasing concentrations of SDF-1a. Migration was determined with the Boyden chamber assay. Shown are results obtained from four independent experiments performed in duplicate. Data are mean ± SEM. n = 4/group
Fig. 5 Distribution of GFP
? CSCs in the heart following transplantation. Six mice underwent a 60-min coronary occlusion followed by reperfusion; CSCs were transplanted 48 h after reperfusion either via intramyocardial injection (a-d) or via intracoronary infusion (e-h). Shown are representative microscopic images of LV sections obtained 2 days after CSC transplantation (i.e., 4 days after reperfusion). Immunofluorescent staining is illustrated for GFP (green), troponin I (red), and DAPI (blue). i is a higher magnification image of the box in h, and j is a higher magnification image of the box in i. These analyses were repeated in three mice that received intramyocardial injection and in three mice that received intracoronary injection c uniformly distributed throughout the entire infarct (where their density was higher) and were also uniformly distributed in the noninfarcted region (where their density was lower).
Echocardiographic assessment
Before the 60-min coronary occlusion (baseline), all parameters of LV function and dimensions measured by echocardiography were similar in the four groups (Fig. 6) . At 48 h after CSC transplantation (4 days after reperfusion), the degree of LV functional impairment and dilatation was also similar among the four groups (Fig. 6) , indicating that the injury sustained during myocardial ischemia/reperfusion and that associated with intramyocardial injection and intracoronary infusion were comparable.
The two vehicle groups (intramyocardial and intracoronary) exhibited the expected changes in LV function and dimensions that are associated with post-MI LV failure and remodeling. Between 4 and 37 days after reperfusion, the parameters of regional myocardial function [thickening fraction (ThF) in the infarcted wall] and global LV performance [LV ejection fraction (EF)] exhibited either no change or a deterioration (Fig. 6) , while there was a major decrease in wall thickness (WT) in the infarcted wall and a striking increase in LV end-diastolic volume (EDV) (Fig. 6 ). In contrast, in CSC-treated mice (both those that received intracoronary infusion and those that received intramyocardial injection), infarct wall ThF and LV EF increased at 37 days compared with 4 days after reperfusion; infarct WT did not decrease and the increase in EDV was much less pronounced. As a result, at 37 days, both CSC-treated groups (intracoronary and intramyocardial) exhibited significantly greater ThF in the infarcted wall (Fig. 6a) , LV EF (Fig. 6b) , and infarct WT (Fig. 6e) and smaller LV EDV (Fig. 6g ) compared with the respective vehicle groups. The attenuation of LV dysfunction and remodeling in the intracoronary infusion group was significantly greater than that in the intramyocardial injection group, as evidenced by the fact that EF was higher (63.6 ± 1.2 vs. 54.1 ± 2.1%; P \ 0.05; Fig. 6b ) and EDV smaller (36.5 ± 1.6 vs. 41.4 ± 1.6 ll; P \ 0.05, Fig. 6g ) compared with the intramyocardial injection group. Hemodynamic measurements
To prevent any after-effects of the anesthesia used during the echocardiographic assessment 35 days after CSC transplantation, a 4-day interval was allowed between echocardiographic and hemodynamic measurements; thus, the hemodynamic studies were performed just before euthanasia, 39 days after CSC or vehicle administration (the number of mice with hemodynamic data was less than that of mice with echocardiographic data because some animals died during the hemodynamic study). Compared with the age-matched mice not subjected to surgery (sham control group), all LV functional parameters were markedly depressed in the four groups of infarcted mice, but the deterioration was less in the two CSC-treated groups than in the respective vehicle groups (Fig. 7) . This was the case not only for load-dependent (LV EF and LV dP/dt) but also for load-independent (end-systolic elastance and Tau) indices of LV systolic function (Fig. 7) . Thus, the two independent methods of functional assessment (echocardiography and hemodynamic studies) consistently demonstrated that CSC administration (by the intracoronary or intramyocardial route) improved LV systolic performance.
Morphometric analysis
The effects of CSC transplantation on LV remodeling were assessed by Masson's trichrome staining. In each heart, a detailed quantitative analysis was performed on three serial LV sections taken at *100-120-lm intervals along the LV longitudinal axis. To quantitate both the degree of LV dilation and the degree of infarct wall thinning, the LV expansion index was calculated using a modification of the method of Hochman and Choo [22] : LV expansion index = (LV cavity area/LV total area) 9 (non-infarcted region wall thickness/risk region wall thickness). As illustrated in Fig. 8 , morphometric analysis demonstrated that there were no appreciable differences among the four groups with respect to the size of the region at risk (expressed as a percentage of the left ventricle), indicating that the magnitude of the ischemic insult was comparable in all groups. Both CSC delivery routes resulted in an increase in the amount of viable myocardium in the region at risk, concomitant with an increase in LV anterior wall (infarct wall) thickness and a reduction in the LV expansion index (Fig. 8) . The increased amount of viable myocardium translates into a reduction in scar area: in mice that received intracoronary CSCs, the scar area (21.3 ± 1.4% of the region at risk) was not only smaller than that in the corresponding vehicle-treated group (32.4 ± 2.5%; P \ 0.01) but also smaller than that in mice treated with intramyocardial CSCs (26.9 ± 0.9%; P \ 0.01; Fig. 8 ). In summary, CSC administration resulted in improvements in both LV remodeling (morphometry and echocardiography) and LV function (echocardiography and hemodynamic assessment). For some parameters, the improvement was significantly greater after intracoronary delivery than after intramyocardial injection of CSCs, suggesting that intracoronary infusion of CSCs in mice may be superior to intramyocardial delivery.
Survival and proliferation of transplanted CSCs
CSCs (obtained from GFP transgenic mice, passages 4-6) were transplanted into syngeneic C57BL/6 mouse hearts at 48 h after coronary reperfusion, either by intracoronary infusion or by intramyocardial injection. Mice were euthanized 39 days later. As shown in Fig. 9 , the number of GFP ? cells in both the risk region and the noninfarcted region was significantly greater after intracoronary than after intramyocardial injection. Evidence for differentiation of transplanted CSCs into new cardiac myocytes was provided by the presence of GFP ? small cells that expressed a-sarcomeric actin, both in the intramyocardial injection group (Fig. 9c) and in the intracoronary infusion group (Fig. 9f) . The appearance of these cells, however, was not that of mature cardiac myocytes (i.e., no sarcomeres were evident and cell size was small) (Fig. 9c, f) . The total number of GFP/a-sarcomeric actin double positive cells in the risk region was significantly greater after intracoronary infusion than after intramyocardial delivery (Fig. 9g) . The distribution of these cells was also different with the two administration modalities. In the intracoronary infusion group, most of the GFP/a-sarcomeric actin double positive cells were in the scar area rather than in the border zone (Fig. 9f, g ). The opposite was observed in the intramyocardial injection group, in which most GFP/a-sarcomeric actin double positive cells were in the border zone (which was the site of needle injection) rather than in the scar (Fig. 9c, g ).
To identify newly formed cells [32] , BrdU was infused continuously for 39 days with mini-osmotic pumps beginning at the time of CSC transplantation and continuing until euthanasia. Evidence for formation of new myocytes was provided by the colocalization of a-sarcomeric actin and BrdU. As shown in Fig. 10 , the incorporation of BrdU in the region at risk was significantly greater in CSC-treated hearts than in vehicle-treated hearts, both after intracoronary infusion and after intramyocardial injection. The total content of newly formed small cardiac myocytes (a-sarcomeric actin/BrdU double positive cells) in the risk region was higher after intracoronary infusion than after intramyocardial injection (29.9 ± 3.7% of all nuclei vs. 20.8 ± 4.0%, Fig. 10i ), demonstrating that intracoronary administration of CSCs is associated with an overall increase in cellular proliferative activity in the risk region in the first few weeks after MI, which is consistent with the smaller scar area, the increased differentiation of CSCs into myocytes, and the greater attenuation of LV remodeling and improvement of LV function compared with intramyocardial delivery.
Discussion
An animal model of intracoronary stem cell therapy that enables use of transgenesis and gene targeting would be a powerful tool but is still lacking. To address this gap, the present investigation utilized a murine model of reperfused MI and compared the effects of intracoronary and intramyocardial delivery of murine lin -/c-kit ? /GFP ? CSCs on post-MI LV remodeling (dilation) and systolic as well as diastolic dysfunction using three independent techniques (morphometry, echocardiography, and hemodynamic studies) and a variety of functional parameters, both loaddependent and load-independent.
Salient findings
The salient results can be summarized as follows:
Lin
-/c-kit ? /GFP ? CSCs can be successfully isolated and expanded from GFP Tg mouse hearts and cultured in stable conditions with high purity and no detectable changes in phenotype for up to ten passages. 2. These cells exhibit properties typically described for CSCs in other species: vigorous proliferation, ability to express markers specific of endothelial, smooth muscle, and myocytic lineages, and migration to SDF-1. 3. Despite the small size of the murine heart and a large recent MI, intracoronary delivery of CSCs is technically feasible, is associated with acceptable mortality, and results in significant alleviation of post-MI adverse remodeling and dysfunction, at least equivalent, if not superior, to that achieved with intramyocardial delivery. 4. Intracoronary delivery of CSCs enables cells to reach and be uniformly distributed throughout the entire left ventricle; compared with intramyocardial injection, intracoronary infusion was associated with a more homogeneous distribution of cells in the infarcted region (Fig. 5 ). 5. The amount of viable tissue (Fig. 8) , the number of GFP ? /alpha-sarcomeric actin positive cells (Fig. 9) , and the number of BrdU ? /alpha-sarcomeric actin positive cells (Fig. 10) in the infarcted region were significantly increased both after intramyocardial and after intracoronary CSC delivery; however, the increases were greater in the latter, suggesting that intracoronary infusion resulted in greater formation of new cardiomyocytes. 6. The anterior (infarcted) wall was thicker (Fig. 8) and exhibited improved regional function (Figs. 6 and 7) in both the intramyocardial and the intracoronary celltreated groups; these salubrious effects did not differ between the two groups. 7. In both groups, the LV end-diastolic and end-systolic volumes ( Fig. 6 ) and the LV expansion index (Fig. 8 ) (which quantifies both the degree of LV dilation and the degree of infarct wall thinning: LV expansion index = [LV cavity area/LV total area] 9 [noninfarcted region wall thickness/risk region wall thickness] [22] ) were significantly reduced, whilst the LV EF and other parameters of LV systolic and diastolic function were improved (Figs. 6, 7) ; overall, the magnitude of these effects was similar in the two groups.
Collectively, these data demonstrate that, in the murine model of reperfused MI, intracoronary CSC infusion is at least as effective as intramyocardial injection in limiting LV remodeling and improving both regional and global LV function. The intracoronary route appears to be superior in terms of uniformity of cell distribution and cell engraftment in the risk region, which may account for the greater amount of viable tissue observed in this region; nevertheless, with the model and samples sizes used herein, these advantages were not sufficient to produce statistically significant differences in structural or functional outcome 39 days later.
Previous studies have delivered various types of stem cells in murine hearts by the intramyocardial or intravenous route [3, 31, 39] . However, to our knowledge, this is the first study to report that intracoronary infusion of stem cells in mice is feasible and effective. This is also the first study to use murine CSCs in a murine model of reperfused MI, which differs importantly from models of permanent coronary occlusion [3, 31, 39, 40] .
Methodological considerations
The successful development of cell-based therapies for myocardial repair requires not only an efficient and clinically relevant method for cell delivery, but also an animal model that enables investigation of the molecular mechanisms that underlie the observed effects. The mouse is currently the best model to perform genetic manipulations that enable one to dissect the specific contribution of individual proteins. In previous studies in mice, cells were injected directly into the myocardium (usually in the periinfarct region) [3, 31] or intravenously [39, 40] , probably because these modes of delivery are technically easier than intracoronary infusion and, after intramyocardial injection, the short-term retention of the injected cells in the LV wall is higher. Our preliminary results show that intravenous injection of CSCs is ineffective (data not shown). Although these previous studies have documented the ability of various stem cells to alleviate LV remodeling and dysfunction [3, 31, 39, 40] , intramyocardial injection of cells has significant inherent disadvantages. As shown in Fig. 5 , when CSCs were injected directly into the border zone of the infarct with a needle, their distribution within the risk region 2 days later was patchy and highly inhomogeneous; predictably, the cells were clustered near the injection sites, whilst most of the infarct contained very few CSCs. Planimetric calculations indicate that only *30-35% of the left ventricle contained any transplanted cells; thus, most of the left ventricle did not benefit directly from the procedure. In addition, intramyocardial injection would be difficult to use clinically on a widespread basis, for it would require invasive procedures that are not readily applicable in most hospitals and would be not only extremely cumbersome but also very expensive.
From a clinical standpoint, the most widely applicable technique for cell delivery is intracoronary infusion. Numerous clinical trials have used this modality, because it is simple, safe, and the most feasible in routine clinical practice. As indicated by recent meta-analyses [1] , in the aggregate, clinical studies have shown that intracoronary infusion of cells resulted in enhanced global and regional LV function, reduction in infarct size, and improved clinical outcome, attesting to the therapeutic effectiveness of this approach and suggesting that intracoronary delivery is likely to remain a major (if not the major) mode of cell administration in patients. Consequently, the availability of a murine model of intracoronary cell therapy is important in order to conduct preclinical work in a clinically relevant manner. The fact that the mechanisms that underlie the encouraging clinical results remain unclear further underscores the importance of developing preclinical models that illuminate the molecular basis for the salubrious effects of intracoronary cell infusion.
Although salubrious effects of intracoronary infusion of stem cells have been reported in pigs [25] and rats [38] , these models do not lend themselves well to molecular studies. While transgenesis or gene knockout are possible in larger mammals including pigs and rats [24, 33] , developing such models would be extremely costly and time-consuming, and thus impractical. At present, the mouse is the only species in which the same gene can be manipulated by both transgenesis and gene knockout. Another advantageous feature of the murine model is the availability of GFP Tg mice. Our results demonstrate that the use of these mice enabled us to obtain a population of CSCs in which [99% of the cells expressed GFP, thereby facilitating the tracking of transplanted CSCs in vivo. In contrast, viral vector-mediated GFP gene transfer into CSCs, even when repeated thrice, results in only *70% of cells expressing GFP [4] . All of these considerations emphasize the utility of a murine model of intracoronary cell infusion.
Thus far, almost all murine studies of stem cell therapy have used permanent coronary occlusions [3, 31, 39, 40] . One of the distinctive features of the model described herein is that MI was induced by a temporary coronary occlusion followed by reperfusion. The rationale is that in contemporary clinical practice, the majority of patients with acute MI undergo coronary reperfusion, either spontaneously or iatrogenically. Extrapolating concepts from the setting of a permanent to that of a temporary coronary occlusion is problematic because reperfusion dramatically changes the milieu of the infarcted tissue. For example, the inflammatory response and the generation of cytokines and reactive oxygen species (which have a major influence on stem cell function) are dramatically exaggerated after reperfusion. Consequently, a model of reperfused MI is more clinically relevant than a model of permanent coronary occlusion.
A 60-min duration of coronary occlusion was selected because it produces relatively large infarcts that average 60-70% of the risk region in control animals and result in LV remodeling and failure (Figs. 6, 7, 8) . In pilot studies, shorter occlusions (30 or 45 min) did not consistently result in LV remodeling or failure (data not shown).
The rationale for using a fourfold higher number of cells with intracoronary (4 9 10 5 ) versus intramyocardial delivery (1 9 10 5 ) is that the efficiency of the i.c route is much less than that of the i.m. route. For example, the persistence of cells has been shown to be only 2.6 ± 0.3% after intracoronary infusion versus 11 ± 3% after intramyocardial injection [23] . Although intracoronary CSC infusion has the potential to produce microembolization, which may result in increased myocardial TNF-a and consequently cause contractile dysfunction [21, 26] , we believe that this is unlikely because lin -/c-kit ? CSCs are small [the average diameter of the CSCs used in the current study was 8.08 ± 0.16 lm (n = 96) as measured by Image J (1.42q, NIH)].
Comparison of intramyocardial and intracoronary CSC delivery
In general, there were no major differences in outcome between intramyocardial and intracoronary delivery. With respect to regional LV structure and function, the effects of the two delivery routes were similar: despite a greater percent of viable tissue in the risk region after intracoronary infusion (Fig. 8) , the improvement in diastolic wall thickness (measured by morphometry (Fig. 8) and echocardiography (Fig. 6 ) and in systolic wall thickening [measured by echocardiography (Fig. 6) ] in the infarcted wall did not differ with the two approaches.
With regard to global LV structure and function, our results do not conclusively establish whether intracoronary infusion was superior to intramyocardial administration, because the differences between the two approaches were small and were not consistent between echocardiographic and hemodynamic studies. Echocardiographically, intracoronary delivery resulted in a slightly but significantly greater improvement in LV end-diastolic volume, LV endsystolic volume, and LV EF compared with intramyocardial injection (Fig. 6) ; in contrast, hemodynamic analyses did not show any significant differences between the two delivery routes (Fig. 7) . A thorough quantitative comparison would require dose-response studies. However, we feel that the doses of CSCs delivered with both routes were maximal or near-maximal, since in the small murine heart intramyocardial injection of [50 ll or intracoronary infusion of [100 ll would be difficult or even lethal.
Conclusions
We have described a murine model of intracoronary CSC infusion after a reperfused MI that should be useful in future investigations aimed at unraveling the molecular/ cellular mechanisms responsible for the beneficial actions of this therapy. To our knowledge, this is the first report to demonstrate that intracoronary administration of stem cells in mice post-MI is feasible. This murine model of stem cell transplantation via intracoronary delivery should be useful for investigating the impact of genetic manipulations on physiological end-points after cell-based therapy in vivo. By applying this model to mice with overexpression or targeted disruption of individual genes implicated in the cellular pathways underlying the mechanism of cell-based therapy, it should be possible to conclusively establish the role of a specific gene product in the effects of stem cell therapy on cardiac structure and function in the intact animal. The clinical relevance of a murine model of intracoronary CSC delivery is underscored by the fact that CSCs are already being tested in a phase 1 clinical trial (SCIPIO [http://www.clinicaltrials.gov/ct2/show/NCT0047 4461]) with encouraging initial results [6] , and that they can be reliably expanded from small endomyocardial biopsies for subsequent autologous administration [2, 10, 35] .
